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ABSTRACT
Islanding Issues A ssociated w ith P h otoV oltaic Inverters

by
Ramachandran Tripunithura Mahadeva
Dr. Yahia Baghzouz, Examination Committee Chair
Professor of Electrical and Computer Engineering Department
University of Nevada, Las Vegas
One of the main barriers for the proliferation of photovoltaic (PV) systems in
power distribution networks is the concern over possible islanding, i.e., when a discon
nected part of the power network remains energized by the connected PV systems for
a significant time interval. Islanding is undesirable for a number of reasons including
safety hazards to utility personnel, and potential damage to equipment . Numerous
anti-islanding techniques have been proposed and implemented in present-day grid-tie
inverters. This thesis reviews some of the pros and cons of different anti-islanding
techniques, and offers a solution to the Multiple Inverter Islanding Isuue and also
presents some experimental results conducted on two local grid-tie inverters.
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CHAPTER 1

INTRODUCTION
1.1

Thesis Objective

Utility compatibility is a major issue with the implementation of UIPV (Utility
Interfaced Photovoltaic Inverters) static inverters. The focus of the concern has been
primarily on the inverters ability to detect an abnormal condition on the utility grid
and take appropriate actions to ensure the safety of personnel and to maintain the
high reliability of utility equipment. The abnormal conditions are defined in detail in
the newly adopted IEEE Std 929-2000 [2] (IEEE Recommended Practice for Utility
Interface of Photovoltaic (PV) Systems).
In recent years SNL(Sandia National Laboratory) is assisting UIPV static inverter
manufacturers to meet the interconnection issues th at are addressed in IEEE Std
929-2000. Recently there has been a resurgence of concern about islanding of gridconnected photovoltaic (PV) systems. This condition occurs when the PV system
continues to energize a section of the grid after that section has been isolated from
the main utility voltage source.
Generally, islanding is undesirable because it poses a safety hazard to utility ser
vice personnel, and also because it can lead to asynchronous reclosure which can
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damage the equipment. The objective of this thesis is to address this islanding issue
by illustrating the Multiple inverter islanding issue and also offering a solution and
also by making an experimental analysis on grid-tie PV inverters at two local PV
installations.

1.2

Organization of the Thesis

This thesis is organized into four chapters. Chapter 2 reviews the survey of the
existing literature to highlight the research carried out in the area of PV inverters
such as:
• W hat an island is?
• How Islanding poses a threat?
Chapter 3 explains the influence of inverter topology on islanding risk and also
gives a clear picture of the different types of inverters used currently in the industry.
Chapter 4 deals with the prevention of islanding and testing standards.

Several

Islanding prevention schemes are explained and advantages and disadvantages are
analyzed . Chapter 5 addresses the Multiple-Inverter Islanding issue with the help of
Pspice simulations. Chapter 6 provides a detail analysis of how the Islanding tests
were conducted at both the locations in the Las Vegas area and also shows the results
drawn from the experiments. Overall, chapters 2-5 highlight the following points:
• a detailed description about Islanding in PV inverters.
• Influence of inverter topology on islanding risk and inverter classification.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

• Analyses the pros and cons of several anti-Islanding techniques available.
• Offers a possible solution to the Multiple-Inverter Islanding issue.

• An experimental analysis of the islanding issue in PV inverters at 2 locations
in Las Vegas area.
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CHAPTER 2

LITERATURE REVIEW
2.1

Islanding

The condition referred to as an island occurs when a distributed generation source
continues to energize a portion of the utility grid after the utility experiences an in
terruption in service. The concern is th at the utility no longer controls this isolated
portion of the distribution system, consisting of a PV generation source and local
loads. Therefore, an islanding occurrence may compromise safety, restoration of ser
vice, and equipment reliability [1].
For an island condition to occur, the situation must be such th at the inverter
does not recognize an interruption in utility service. If the loads th at remain on the
isolated portion of the grid are closely matched to the output of the inverter, it is
possible for voltage and frequency to remain relatively constant after the interruption
of utility power. Anti-islanding schemes th at depend on only monitoring the voltage
and frequency may not detect this condition, and continue energizing the local load
thus creating an island.
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2.2

Electrical Island Formed by Distributed Generators

A typical power distribution system in North America is shown in Figure 2.1. The
substation steps down transmission voltage into distribution voltage and is the sending
end of several distribution feeders. One of the feeders is shown in detail [16]. There
are many customer connection points in the feeder. Large distributed generators
are typically connected to the primary feeders (DGl and DG2). These are typically
synchronous and induction generators at present. Small distributed generators such
as inverter based PV systems are connected to the low voltage secondary feeders
(DG3). An island situation occurs, for example, when recloser C opens. DGl will
DG3
S U B S T A T IO N

DG2

DGl

IS L A N D

Figure 2.1; Typical Distribution System with Distributed Generators

feed into the resultant island in this case. The most common cause for a recloser to
open is a fault in the downstream of the recloser. A recloser is designed to open and
re-close two to three times within a few seconds. The intention is to re-connect the
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downstream system automatically if the fault clears by itself. In this way, temporary
faults will not result in the loss of downstream customers. An island situation could
also happen when the fuse at point F melts. In this case, the inverter based DG
will feed the local loads, forming a small islanded power system. The island is an
unregulated power system. Its behavior is unpredictable due to the power mismatch
between the load and generation and the lack of voltage and frequency control. The
main concerns associated with such islanded systems are:
• The voltage and frequency provided to the customers in the islanded system
can vary significantly if the distributed generators do not provide regulation of
voltage and frequency and do not have protective relaying to limit voltage and
frequency excursions, since the supply utility is no longer controlling the voltage
and frequency, creating the possibility of damage to customer equipment in a
situation over which the utility has no control. Utility and DG owners could be
found liable for the consequences.
• Islanding may create a hazard for utility line-workers or the public by causing
a line to remain energized th at may be assumed to be disconnected from all
energy sources.
• The distributed generators in the island could be damaged when the island is
reconnected to the supply system. This is because the generators are likely not
in synchronism with the system at the instant of reconnection. Such out-ofphase reclosing can inject a large current to the generators (This is a concern
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only for synchronous generators and not inverters). It may also result in re
tripping in the supply system.
• Islanding may interfere with the manual or automatic restoration of normal
service for the neighboring customers.

The current industry practice is to disconnect all DGs immediately so that the entire
feeder becomes de-energized. This prevents equipment damage and eliminates safety
hazards. To achieve this goal, each DG must have the capability to detect islanding
conditions and to automatically disconnect itself from the system.

2.3

Detection of Islanded Power Systems

An islanding situation should be detected soon after the island is formed. The
basic requirements for a successful detection are:
• The scheme should work for any possible formation of islands. Note that there
could be multiple switchers, reclosers and fuses between a distributed generator
and the substation. Opening of any one of the devices will form an island.
Since each island formation can have a different mixture of loads and distributed
generators, the behavior of each island can be quite different. A reliable antiislanding scheme must work for all possible islanding scenarios.
• The scheme should detect islanding conditions within the required time frame.
The main constraint here is to prevent out-of-phase reclosing of the distributed
generators. A recloser is typically programmed to reenergize its downstream
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system after about 0.5 to 1 second delay. Ideally, the anti-islanding scheme
must trip the DG before the reclosing takes place.
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CHAPTER 3

INFLUENCE OF INVERTER TOPOLOGY ON ISLANDING RISK AND
PROTECTION TECHNIQUES
Different inverter topologies and control structures may be employed depending on
the specific requirements of the distributed generation system. The choice of inverter
topology and control structure can affect the nature of the islanding risk and the
type of detection and protection techniques employed.This chapter discusses in detail
about the penetration of inverters in the grid and also explains the inverter operation
and configurations.

3.1

Inverter Operation

The inverter interface converts electricity from the distributed generation source
to a form th at can be supplied to the distribution network. Often the inverter is a
complex power electronic system whose structure depends on the characteristics of
the distributed generation source as shown in Figure 3.1. If the source is a rotating
machine operating at variable speed, such as those found in wind turbines, micro tur
bines and some engine-generators, the variable frequency ac voltage at the terminals
of the generator is rectified and regulated to dc and then inverted to a fixed frequency
9
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ac current th at is fed to the distribution network [16]. If the distributed generation
source has a varying dc voltage output, such as a photovoltaic array or fuel cell, the
voltage may first be stepped up or down and pre-regulated by a dc/dc converter,
or it may be fed directly to the dc-ac inverter. The inverter interface decouples the
generation source from the distribution network and the islanding characteristics of
the distributed generator are primarily determined by the inverter.

T o G i-id * .

A

AC
y

/
/

/

DC Link

------

AC

/ A

Inverter

y

Active Rectifier

Rotating
machine

/
To G iid -

AC

' A

/

/

DC Unk

DC

y /

FuehCeW

I

/
Inverter

DC/DC
Converter

To Grid

AC

a77"

DC

PV A rray o r
F u e l C ell

Inverter

Figure 3.1: Inverter Interface configurations [16]

3.2

Inverter Classification

A variety of dc-ac inverter topologies and control techniques may be applied in
inverter interfaces for distributed generation sources. Figure 3.2 shows the topologies
and control techniques th at may be employed.
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Inverter
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Control
Scheme
Current
Source
III w r i e r

Figure 3.2: Inverter Classification
3.2.1

Line Commutated Inverter

The line (or load) commutated inverter uses switching devices, such as thyristors,
th at can be turned on with a control signal but require an external circuit or source to
commutate them (turn them off) by reducing circuit current to zero. In the line com
mutated inverter, the distribution network acts as the source to turn off the switching
devices. There may be an erroneous perception th at a line commutated inverter can
not island because it will have a commutation failure when the distribution network
voltage is not available and its protection circuits will shut it down [16]. In fact, a
line commutated inverter can be commutated by external capacitive reactance within
the island, or by another distributed generator within the island, and it may continue
to operate unless islanding detection and shutdown measures are implemented.
Line commutated inverters are limited in their ability to control the voltage and
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current waveform on the ac side and commonly require extensive filtering to meet
power quality requirements.

However, thyristors are capable of high voltage and

high current operation and so line commutated inverters using thyristors still find
application in high power systems.
3.2.2

Self Commutated Inverter

The self-commutated inverter uses switching devices th at can control both the onstate and the off-state, such as ICBTs and MOSFETs. The self-commutated inverter
can precisely control the voltage and current waveform at the ac side, allowing it to
control the power factor and limit harmonic currents with moderate sized filters. It
is also resistant to utility system disturbances th at would cause a line commutated
inverter to shut down. Most inverter interfaces for distributed generation now employ
a self-commutated inverter topology since ICBTs are now available that allow design
of inverters with multi-megawatt ratings [16]. Self commutated inverter topologies
can be classified by the nature of the dc link at the input of the dc to ac inverter
section.
3.2.3

Current Source Inverter

A current source inverter has a dc link th at can be characterized as a controlled
current source. Typically the dc link employs a large series inductor to maintain a
constant current in the link. The switches in the inverter bridge conduct current in
one direction when turned on but must be able to block voltage in both directions
when turned off.
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3.2.4

Voltage Source Inverter

A voltage source inverter has a dc link that is characterized as a controlled voltage
source. Typically the dc link employs a large set of parallel capacitors to maintain
a constant voltage across the link. The switches in the inverter bridge must conduct
current in both directions when turned on but only have to block voltage in one
direction when turned off. A current source topology appears to be a natural choice
of an inverter interface for a distributed generation source since the inverter output
is connected to the distribution network, which has the characteristics of a fairly
stiff voltage source. It is easier to control power flow between a directly connected
current source and voltage source than between directly connected voltage sources.
Indeed, current source inverter topologies are employed in some inverter interfaces
for distributed generation sources. However, voltage source inverters can also be used
with appropriate control strategies.

They are used more commonly than current

source inverters, probably because switching devices such as IGBTs and MOSFETs
meet the requirements of voltage source inverters more readily and because distributed
generation sources resemble voltage sources more than current sources.
In general, the characteristics of the DG determine the type and configuration of
the inverter th at has to be introduced (Gurrent or Voltage control topologies).
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CHAPTER 4

ANTI-ISLANDING TECHNIQUES AND TESTING STANDARDS
Many anti-islanding techniques have been proposed and a number have been imple
mented in actual DG projects or incorporated into the controls of inverters used in
utility-interactive DG applications. When selecting an anti-islanding scheme, it is
im portant to consider the characteristics of the distributed generators. Almost all
distributed generators can be grouped into the following three types:
• Synchronous generator: This type of DG is typically connected to the primary
feeder. Its size can go as high as lOMW. Synchronous generators are highly
capable of sustaining an island. Due to the large power rating, options are lim
ited to control the generators for the purpose of facilitating islanding detection.
As a result, anti-islanding protection for synchronous generators has emerged
as the most challenging task faced by the DG industry [14].
• Induction generator: This type of DGs is typically connected to the primary
feeder as well. Its size can also be quite large. Induction generators are not
capable of sustaining an island due to their need for reactive power support from
the electricity network. As a result, anti-islanding protection is not considered

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

15

as an issue for induction generators.
• Inverter-based generator: This type of DG is commonly connected to the sec
ondary feeder due to its relatively small size (typically in the range of a few
hundred watts to 1 MW). The inverter is actually an interface between the
system and the generator. The generator can be photovoltaic panels, fuel cells,
micro-turbines etc. Since it is the inverter th at interacts with the supply sys
tem, all inverter-based DGs have operating characteristics with respect to grid
interaction primarily determined by the inverter topology and controls. The
inverter-based DGs are capable of sustaining an island; however, they can be
designed to detect and control islanding conditions. As a result, many inverter
specific antiislanding techniques have been proposed.
This chapter reviews all major islanding detection techniques published or devel
oped. These techniques can be broadly classified into two types according to their
working principles. This classification is shown in Figure 4.1. The first type con
sists of communication-based schemes and the second type consists of local detection
schemes. The communication-based schemes use telecommunication means to alert
and trip DGs when islands are formed. Their performance is independent of the
type of distributed generators involved. The second type is local detection schemes
that rely on the voltage and current signals available at the DG site. An islanding
condition is detected if indices derived from the signals exceed certain thresholds. A
representation example is the frequency relay. The local detection schemes can be
further divided into two sub-types. One is the passive detection method, which makes
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decisions based on measured voltage and current signals only [14].
Another type is the active detection method. Such methods inject disturbances
into the supply system and detect islanding conditions based on system responses
measured locally. The active method is widely used by inverter-based DGs due to
its ease of implementation on such systems. Although some of the local detection
schemes can be applied to both types of DGs, their performances can differ as they
are dependent on the operating characteristics of the DGs involved.

Anti-Islanding Schemes
Communication
Based Scheme

Local Detection
Scheme
Passive

Active

Transfer Trip Scheme

Power Line Signalling

1. Voltage
2. Frequency
3. Harmonics

1. Impedence
Measurement
2. Frequency, Phase
or Voltage shift

Figure 4.1: Classification of Anti-islanding Schemes

4.1

Communication Based Anti-Islanding Techniques

Communication based schemes rely on telecommunication to alert and trip DGs
when islands are formed. This part of the chapter reviews two basic schemes im
plemented or proposed for anti-islanding applications. Other communication-based
schemes are essentially minor variations of these two basic schemes.
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4.1.1

Transfer Trip Scheme [14,16]

The basic idea of transfer trip scheme is to monitor the status of all circuit breakers
and reclosers th at could island a DG in a distribution system. When a switching
operation produces a disconnection to the substation, a central algorithm determines
the islanded areas. A signal is then sent to trip DCs in the islanded areas. Figure 4.2
illustrates the basic idea of this scheme.

S U B S T A T IO N -!

C en tra l A lg o rith m

Y (NO

X (N O )
DG2

DGl
S u b s ta tio n —II

Figure 4.2: Transfer Trip Scheme

The transfer trip scheme is very simple in concept.

Transfer trip scheme can

be an effective and simple method for islanding prevention for distribution feeders
with fixed topology. Utility companies have years of experiences on this scheme for
various protection applications so it can be easily accepted.

This method would

allow additional control of the distributed generators by the utility, increasing the
coordination between distributed generators and utility resources. The same system
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can also be used to provide a signal for reconnecting DG units after fault clearance.
The main disadvantages of the transfer scheme are the cost and potential com
plexity. This is because signal transm itters are needed for all possible disconnecting
points in the system and they must have communication coverage for the DG loca
tions. The scheme can become very complicated if scenarios of feeder reconfiguration
exist.
4.1.2

Power Line Signalling Scheme [14,16]

This scheme utilizes the power line as a signal carrier and is shown in Figure
4.3. The main device of the scheme is a signal generator connected to the secondary
side of the substation bus. The device broadcasts a signal to all distribution feeders
continuously. Each DG is equipped with a signal detector. If the detector does not
sense the signal (caused by the opening of any breakers between the substation and
the DG), it is an island condition and the DG can be tripped immediately.
If another bus loses power, which is another islanding condition, the signal gener
ator also loses power and it stops broadcasting so that downstream DG will also trip.
The signal generator has several auxiliary inputs. Any one of the inputs can stop the
broadcast, resulting in tripping all DGs in the system. This feature is particularly
useful since the utility company can use it to disconnect DGs should an island be
formed in transmission systems.
This scheme has several advantages, especially with increased connection density
of distributed generators. The scheme can be quite reliable since there is only one
signal transm itter (generator) involved and the signal serves as a continuity-checking
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Figure 4.3: Power Line Signaling Scheme
tool. The DG owners can share the cost of the transm itter. There is no need to worry
about feeder topology change with this scheme. As a result, it can be implemented
easily.
The scheme has two main disadvantages. The hrst one is the cost of the signal
generator. This is a medium voltage device. A step down transformer is required
to connect it and it has to be installed in a substation. This cost may be hard to
justify if there are only one or two DGs using the service. The second concern is the
possible interference of the signal with other power line communication applications
such as automatic meter reading. This is a promising technology but there is no held
application experience of this technology yet.
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4.2

Local Detection Schemes for Inverter Based DG Applications

Inverter interfaced distributed generation systems differ from rotating machine
interfaced distributed generation systems in several ways th at influence the approach
taken to islanding detection and protection. Typically, inverter interfaced systems
are relatively low power by utility standards, ranging from under one kilowatt up to
a few megawatts. In addition they often interface generation resources that are nondispatchable, such as photovoltaic arrays. As a result it is usually not cost-effective,
and there is little incentive, to communicate with utility control systems. There
fore, islanding detection and protection schemes for inverter interfaced systems have
focused on local detection techniques rather than communication based techniques.
Also, for cost reasons, smaller inverter interfaced systems cannot support utility in
terconnect requirements for larger systems th at may include an engineering study, use
of utility approved protective relays, and witness testing of the installation. Instead,
it is desirable to have the following:
• Standardized interconnection guidelines and protection settings,
• Integration of the protection functions in the inverter rather than in a separate
protective relay,
• Type approval of the inverters protection functions, with any required testing
performed during manufacturing rather than by witness testing in the held.

Therefore, there has been considerable activity devoted to developing acceptable stan
dards for island detection and subsequent protective actions and to developing testing
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and certification metfiods for islanding protection functions in inverters.

4.3

Inverter Resident Islanding Detection Techniques

Inverter resident islanding detection techniques have been an active topic of re
search for the past 15 years.

Much of the research has focused on inverters for

grid-tied solar power applications but the results are applicable to inverters used
with other distributed generation technologies. The International Energy Agency
Photovoltaic Power Systems Program has published a comprehensive survey [12] of
islanding detection methods for utility interactive photovoltaic power systems that
provides additional details on the methods briefly discussed herein.
4.3.1

Passive Methods

Inverter resident passive islanding detection methods are similar to local passive
methods used with synchronous generators. They monitor the voltage at the output
of the inverter seeking to detect changes in a parameter, such as voltage or frequency,
when an island is created. Since the inverter already monitors the terminal voltage
for its own control purposes, adding passive islanding detection usually requires little
additional hardware and can be implemented at low cost. A separate protective relay
is not required.
4.4.1.a Under/Over Voltage and Under/Over Frequency Detection
Inverter output voltage and frequency limits are universally required in gridconnected inverters to provide protection for customer equipment if the inverter volt
age or frequency drifts. However these limits also provide islanding detection because
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the voltage or frequency will shift if there is a mismatch between the inverter output
power (active and reactive) and the power consumption (active and reactive) of the
local load when the island occurs. If the voltage or frequency shift drives the inverter
to its detection limits, the inverter shuts down and the island has been detected.
Many active islanding detection methods also attem pt to drive the inverter voltage
or frequency up or down when an island occurs and thus ultimately rely on these
limits to detect the island and shut the inverter off.
However, this method will not detect an island if the local load is closely matched
to the inverter output power, and the voltage and frequency shift is not sufficient to
exceed the inverter voltage and frequency limits. These limits must be sufhciently
wide so th at the inverter can track normal fluctuations in grid voltage and frequency
without shutting down.
Typical standards for grid-tie inverters in North America (including Canada) re
quire the lower and upper voltage limits to be set at 88% and 110% of the nominal
grid voltage, and require the lower and upper frequency limits to be set at 57 - 59.3 Hz
and 60.5 Hz. The size of the non-detection zone (NDZ), in terms of active power mis
match (AP) and reactive power mismatch { AQ) between the inverter output (P,Q)
and the local load (P 4- A P , Q 4- AQ), will vary depending on the inverter control
strategy. Assuming a control strategy th at maintains constant output power and syn
chronizes output current with output voltage (unity power factor), then the following
relationships can be derived [16]:

y m arr

P

mm.
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Qi(i--P'f<^<Qf(i--Py
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where

V m ax,
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and

fm in

(4 .2 )

Jmax

are the over/under voltage and frequency limits

respectively, and Qf is the quality factor of the local load, in simple case where the
load is modelled as a parallel RLC circuit, Qf dehned as

Qy =

(4.3)

The results show th at the NDZ is relatively large for active power mismatch. This
detection method, with the usually prescribed voltage and frequency limits, has a
smaller NDZ for reactive power mismatch. The reactive power mismatch NDZ is even
smaller if Q / is reduced [17]. A Q / of 2.5 was chosen and this is the value specified
by North American regulatory standards as a test condition for islanding detection
circuits but it is considerably higher than would be expected for typical loads. These
regulatory standards are currently undergoing revision, and the requirement for Qf
of the test load is being reduced from 2.5 to 1.0, to be more representative of actual
conditions expected on a typical distribution network [17].
4.4.l.b Voltage Phase Jump Detection
The inverter control system monitors the phase relationship of the inverter ter
minal voltage and output current for sudden changes. The inverter control system
normally controls the output current to keep a very small phase difference between
the voltage and current (unity power factor operation). A sudden change indicates
th at the distribution network is no longer maintaining the voltage at the inverter
terminals and it has shifted in phase to match the phase angle of the local load. A
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load with the same phase angle as the inverter at the time the island occurs (i.e. a
matched load) will not produce a phase jump and islanding will not be detected.
In practice, the nondetection zone is larger since a threshold for the magnitude
of the phase jum p must be set to avoid nuisance tripping of the inverter. Unfortu
nately the threshold must be relatively small (less than a few degrees) if the phase
jump method is to have a smaller NDZ than th at provided by over/under voltage
and frequency detection. Phase jumps of this magnitude can occur due to transient
conditions on the distribution network or in the local load (e.g., motor starting tran
sient). Therefore it is difficult to achieve both effective islanding detection and a low
incidence of nuisance tripping.
4.4.1.C Detection of Change in Harmonics

In this method, the inverter controller monitors the total harmonic distortion
(THD) of the inverter terminal voltage and shuts down the inverter if the THD
exceeds a threshold.

The rationale is that, in normal operation, the distribution

network acts as a stiff voltage source, maintaining a low distortion voltage on the
inverter terminals, less than 5%.
Two mechanisms are expected to cause an increase in voltage THD when an
island occurs. First, the impedance at the inverter terminals increases because the
low impedance distribution network is disconnected and only the local load remains.
As a result, current harmonics in the inverter output current will cause increased
levels of voltage harmonics in the terminal voltage. Second, non-linear loads within
the island, too small, will be excited by the output current of the inverter. The voltage
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response of the non-linear loads to the current excitation can be highly distorted. This
method has the advantage th at it does not have a non-detection zone when the local
load matches the inverter output power. However, it suffers from the same problem
as the phase jum p method: it is difficult to set a THD trip threshold that provides
good islanding protection but does not cause nuisance shutdowns.
Power quality standards require grid connected inverters to have relatively low
current THD (< 5%) and the inverters are usually designed to have lower distortion
than the standard to allow some margin. However, the distribution network voltage
may have voltage THD of 5% or more if there are significant local non-linear loads on
high impedance lines (such as long lines). In addition the distortion level may change
rapidly as nonlinear loads are switched on and off. Therefore it may not be possible
to set a THD detection threshold that accommodates both the relatively low THD
of the inverter current and the range of voltage THD th at may be expected on the
distribution network. An additional practical issue is th a t current testing standards
for islanding detection specify the use of linear RLC loads and do not allow for the
effects of non-linear loads th at might increase the voltage THD in an island situation.
4.3.2

Active Methods

Inverter resident active islanding detection methods use the ability of the inverter
to adjust its output current, voltage, or frequency to perturb the load circuit and then
monitor the response to detect a change th a t indicates th at the distribution network,
with its stable voltage and frequency, and low impedance, has been disconnected.
4.4.2.a Impedance Measurement [16]
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Impedance measurement techniques attem pt to detect the change in inverter out
put circuit impedance th at occurs when the low impedance distribution network is
disconnected. For example, some European anti-islanding standards require detec
tion of a change in impedance A Z = 0.5 ohm, which is regarded as the threshold for
detection of an island. Several different techniques may be employed.
1. Power variation: The inverter perturbs its output current, which will cause a
change in output power, and monitors the change in output voltage that results.
Since it is monitoring dv/di, it is effectively measuring the load circuit impedance.
The detection strategy may rely on driving a voltage change sufficient to trip the
under/ over voltage limit, in which case relatively large changes in output current are
required. Alternately, the detection strategy may look for smaller changes in voltage
but it must then correlate them with the changes in output current so th at it doesnt
trip on random fluctuations in the distribution network voltage. Some drawbacks of
this method th at have been noted include the following:
• Detection sensitivity is diluted if there are multiple inverters in the island and
their output variations are not synchronized.
• Large variations in output power, particularly if there are multiple synchronized
inverters may cause noticeable voltage flicker and grid instability, particularly
if the distribution feeder has relatively high impedance.
2. Signal injection: The inverter periodically or continuously injects a known signal
into the output current and monitors the term inal voltage response. For example, a
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current at a frequency different than the line frequency may be injected and signal
processing techniques are then used to extract the voltage response. This has simi
larities to the passive harmonic detection method but has the advantage th at it can
be made less sensitive to noise and distortion on the grid. Some drawbacks of these
methods th a t have been noted include the following:
• Multiple inverters injecting the same signal may cause false trips or otherwise
interfere with each other. It is possible to design the scheme to inject the signal
periodically when no other inverter is detected injecting a signal in order to
avoid this problem.
• The local load may have very low impedance at higher frequencies, limiting the
choice of signals th at are effective.
• To maintain power quality, the injected signal must have a relatively low ampli
tude, which then requires sophisticated signal processing techniques to extract
the circuit response. This can be cost-prohibitive for inexpensive lower power
inverters.
3. Load Insertion: The inverter can periodically connect a load impedance across its
output terminals and monitor changes th at occur. For example, a capacitor can be
inserted across the output to increase the reactive current and the resulting phase
shift in terminal voltage can be measured to calculate the effective line impedance.
This has similarities to the passive phase jump detection method, but since detection
of the phase jump can be correlated with the insertion of the impedance, it is more
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resistant to false trips due to random phase jumps in the grid voltage. As with other
impedance measurement techniques, there are concerns about interference among
multiple units and the ability to reliably detect impedance changes with practical
values of the inserted load.
4.4.2.b Frequency and Phase Shift Techniques
These techniques apply positive feedback to the control loops th at controls the
inverter phase, frequency, or reactive power to cause the inverter frequency to rapidly
shift to the under/over frequency detection threshold if the distribution network is
not present to maintain the frequency. W ithout this positive feedback, the inverters
frequency changes to a new stable operating point, largely determined by the resonant
frequency of the local load, when an island occurs and the distribution network is
disconnected.
This operating point may be within the under/over frequency limits of the inverter
if the load is closely matched to the inverters active and reactive power output and
the natural frequency of the load falls within the over/under frequency limits. The
positive feedback introduces instability th at drives the inverter frequency away from
the resonant operating point towards one of the frequency limits. These techniques
can be very effective at detecting islanding. They typically have small nondetection
zones (NDZ) and are relatively easy to implement within the inverter controls.
Further, if the gains in the feedback loop are chosen in a consistent manner from
inverter to inverter, interference among multiple inverters in a single island may be
avoided.

These techniques have greatest difficulty detecting islanding when load
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quality factor

Qf

is high, since a high Q resonant circuit is more resistant to attempts

to force the operating frequency away from the resonant frequency. Considerable
development work has been focused on analyzing the NDZ for these techniques and
improving the techniques so they are effective with high Qf loads.
4.4.2.C Voltage Shift Techniques

Voltage shift techniques apply positive feedback to the current or active power
regulation control loop of the inverter to cause the inverter terminal voltage to rapidly
shift to the under/over voltage detection threshold if the distribution network is not
present to m aintain the voltage. W ithout this positive feedback, the terminal voltage
changes to a new stable operating point, largely determined by the impedance of the
local load, when an island occurs and the distribution network is disconnected.
If the output voltage changes, the output current changes in the same direction.
During normal operation, the low impedance distribution network controls the output
voltage and reduces the effective gain of the positive feedback so that the inverter is
stable.
When an island is created, the effective gain of the positive feedback depends on
the impedance of the local load, which is much higher than, the distribution network
impedance. A small fluctuation in the inverter output current will cause a change
in terminal voltage th at will drive the output current further in the same direction
as the initial fluctuation, resulting in a larger change in terminal voltage. This will
eventually drive the terminal voltage to the upper or lower limit. In practice, it
is desirable to insert disturbances that reduce output current and drive the voltage
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towards the lower limit so th at the inverter does not encounter power limits. As with
the frequency shift technique, coordination of gains in the feedback loop from inverter
to inverter can avoid anti-islanding interference effects in a multi-inverter island.

4.4

Limitations of Anti-Islanding Schemes

All anti-islanding schemes have some limitations which include the following;
• high implementation cost,
• need for coordination between the DG operator and the utility,
• susceptibility to false detection of islanding (nuisance tripping),
• possible non-detection of islanding under some conditions,
• possible reduction of utility power quality and voltage and frequency stability.
Since anti-islanding schemes are not perfect and may impose financial or performance
costs, it is necessary to understand the actual probability th at an island will occur and
what risks this unintentional island will present to human safety and the electrical
network. This allows the benefits of further risk reduction from better anti-islanding
schemes to be balanced against the costs imposed by these schemes [27]. If a simple
and low cost anti-islanding scheme reduces risk to a level below other electrical safety
risks th at are currently considered acceptable, it is debatable whether a scheme with
better detection performance, but higher costs (in financial or performance terms),
is necessary. This is particularly true when the DG reduces other hazards, such as
air pollution. One of the main limitations with local detection schemes is th at each
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scheme has an operating region where islanding conditions cannot be detected in a
tim ely manner.

4.5

Risks Associated with Unintentional Island

when considering risks, the commonly cited risks or hazards of an unintentional
island include the follwing:
• The utility cannot control voltage and frequency in the island, creating the
possibility of damage to customer equipment in a situation over which the utility
has no control. Utilities, along with the DG owner, can be found liable for
electrical damage to customer equipment connected to their lines that results
from voltage or frequency excursions outside of the acceptable ranges.
• Reclosing into an island may result in re-tripping the line or damaging the
distributed resource equipment, or other connected equipment, because of outof-phase closure.
• Islanding may interfere with the manual or automatic restoration of normal
service by the utility.
• Islanding may create a hazard for utility line-workers or the public by causing
a line to remain energized th at may be assumed to be disconnected from all
energy sources.
In the United States, inverters th at are type approved to the updated standards,
for grid tie DG applications universally have built-in voltage and frequency limits
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and will cease to energize if the island makes excursions outside of acceptable ranges.
Therefore, inverter based DGs do not contribute to the first commonly cited risk
associated with an island.
In order for a hazard to occur, the following events must occur simultaneously:
• Network (grid) power must be disconnected because of a fault, opening of pro
tective devices, or for maintenance and service
• The DG power output (active and reactive) must closely match the power con
sumption of the local loads within the isolation boundary
• The DG must fail to detect the island because the operating condition is within
the nondetection zone of the island detection scheme or because the island
detection mechanism has failed
• Personnel must touch an uninsulated conductor without using live wire safety
practices.
A British study [20] has calculated the overall risk level of a personnel hazard, tak
ing into account all four factors listed above. The results of these studies can be
summarized as follows:
• The probability of a power match is negligible with low penetration of DG in
the distribution network but increases significantly when penetration is higher.
• The overall risk of electric shock due to islanding, using British data for proba
bility of outages, a high DG penetration scenario, and reasonable assumptions
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about island detection capabilities of inverters, is on the order of 10”®per year.
This is much less than the baseline risk of electric shock in Britain, which is on
the order of 10“ ®per year.
Thus, the additional personal safety risk presented by islanding, even with high pen
etration of inverter based DGs, does not materially increase the risk that already
exists as long as the risk is managed properly.

4.6

Islanding Detection and Testing Standards

Common standards for performance of islanding detection techniques and testing
procedures to verify the performance of the detection means in detecting islands are
needed to reduce the obstacles to grid connection of distributed energy resources.
National and international standards bodies have developed such standards and test
procedures, initially for photovoltaic inverters but more recently for all DG sources
th at connect to low voltage portions of the distribution network [22, 26].
4.6.1

IEEE Standards [22, 26]

The Institute of Electrical and Electronic Engineers has led the development of
performance and test standards for islanding detection methods in North America.
Its standards have been adopted by many utility DG interconnect standards, and
by equipment safety standards for gridtie inverters, used in North America. The
standards are performance based and define a non-islanding inverter as one that will
cease to energize the utility line in ten cycles or less when subjected to a typical
islanded load in which either of the following is true:
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a) There is at least a 50% mismatch in real power load to inverter output (that is,
real power load is less than 50%or greater than 150% of inverter power output).
b) The islanded-load power factor is less than 0.95 (lead or lag). If the real-powergeneration-to-load match is within 50% and the islanded-load power factor is greater
than 0 . 9 5 , then a non-islanding inverter will cease to energize the utility line within
2 seconds whenever the connected line has a quality factor of 2.5 or less.
This performance standard requires quick detection and disconnection for islands
where there is a large mismatch between inverter output and load but allows more
time for the case where load and inverter output are closely matched since islanding
is more difficult to detect. The test procedure makes use of a worst case condition
in which the islanded circuit has a high quality factor { Qj = 2.5) and is operated
at resonance (unity power factor). The procedure requires a test in which inverter
active and reactive power output matches the islanded circuit load when the utility
source is disconnected.
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CHAPTER 5

MULTIPLE INVERTER ISLANDING
Utilities currently require photovoltaic inverters to disconnect when they are in an
island, because of reasons related to safety, protection of loads, and utility reclosure.
During the summer of 1997, Sandia conducted a series of tests to investigate islanding
of multiple inverters on a single 120-V ac circuit. It was found th at for power gener
ation/power load ratios in the range of .8 to 1.2, the inverters frequently islanded for
more than the 2 seconds (times greater than 30 seconds were observed) [1]. It was also
observed th at the presence of a transformer in the islanded circuit resulted in shorter
islanding times (disconnect times of less than 0.5 seconds) because the transformer
required nonlinear magnetizing current th at most inverters could not supply. The
conclusions drawn from these tests are summarized below,
1. Multiple inverters on a single 120V ac circuit were not disconnecting quickly
enough,
2. The presence of a distribution transformer resulted in quicker disconnect,
3. Future tests should include other than purely resistive loads, so that worst-case
islanding conditions could be determined,
4. The use of multiple inverters utilizing different anti-islanding techniques increased
35
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islanding times.
In this chapter several cases of multiple-inverter islanding is considered and a
possible method of prevention of islanding when there are a number of inverters in
the network is presented with the help of Pspice simulations.

5.1

Multi-Inverter Cases

The multiple inverter islanding can occur in different ways and each has a different
effect on islanding.
Casel: Inverter trying to reduce the frequency.
Case2: Inverter trying to increase the frequency.
Case3: Two inverters of different rating with one trying to increase the frequency and
the other trying to reduce the frequency.
Cased: Two inverters of same rating with one trying to increase the frequency and
the other trying to reduce the frequency.

Assumptions made before simulating the above cases in Pspice are as follows:
1. The load is a pure resistive load.
2. Inverters are substituted with current source model inPspice.
3. The inverter frequency is increased or decreased every half cycle and is done in
steps of 0.1 Hz.
4.The power generated is matched with the load.
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Figure 5.1: Schematic of Caselilnverter Trying to Reduce the Frequency
5.1.1

Inverter Trying to Reduce the Frequency

In the above case the DG connected to the feeder has an inverter which try to
reduce the frequency. The inverter reduces the frequency till the limit that is set in
the inverters (i.e 59.3Hz), then the inverter shuts down as the protective relay trips
and thereby prevents islanding. This is illustrated by the Pspice simulation result
shown in Figure 5.2.
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Figure 5.2: Casel:Pspice Simulation Result of Current and Voltage Waveform
5.1.2

Inverter Trying to Raise the Frequency

This case is quite similar to the previous case, but the only difference is that
the inverter connected to the DG tries to raise the frequency till the set limit in the
inverter(i.e, 60.5Hz), then the inverter shuts down, thereby preventing islanding. This
is also illustrated by the Pspice simulation results shown in Figure 5.4.
5.1.3

Two Inverters of Different Rating with One Raising the Frequency and the
Other Reducing the Frequency

In this case, 2 inverters are connected to a feeder with different inverter ratings
(5A and 12A). Also, th at the inverter will shutdown, but it takes some time for it to
disconnect as there will be a slow change in the frequency th at will prolong the time
th at it reaches the limit. The frequency will move towards the higher rated inverter.
This is also illustrated by Pspice simulation results shown in Figures 5.6 and 5.7.
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Figure 5.3: Schematic of Case2ilnverter trying to raise the frequency
5.1.4

Two Inverters of Same Rating with One Raising the Frequency and the
Other Reducing the Frequency

In this case, there are just 2 inverters connected to the feeder, with one trying to
raise the frequency up and the other trying to reduce the frequency.In this case as
the inverters are of the same rating and the load is matched to the generation.We
can see from the plot below th at the frequency is maintained at like 60Hz and the
DG continues supplying power to the network. Hence islanding prevails in this type
of network and there has to be a scheme apart from the frequency or voltage schemes
present in the inverters in order to prevent continuous run-on’s or shutdown the
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Figure 5.4: Case2:Pspice Simulation Result of Current and Voltage Waveforms
inverter thereby preventing islanding.The Pspice illustration are shown in Figures
5.9 and 5.10. One simple way to overcome this issue is to include a capacitor to the
output terminals of one of the inverters (i.e, parallel to the load). In order to prevent
this situation a capacitance is added to one of the inverter output terminals.This pulls
the voltage to a lower frequency, thus increasing the current through the load, until
the limit is reached and then the inverter disconnects. This usually takes a large
number of cycles, and the cycles for the inverter to disconnect can be reduced by
increacing the capacitance value. The only reason for having a low capacitance value
is that, lower capacitance offers less space and is also cost effective.Therefore there
has to be a tradeoff between the size of the capacitor and the time of disconnection.
The schematic is shown in Figure 5.11 and the plots are obtained from the Pspice
simulations (Figures 5.12 and 5.13).
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Figure 5.9: Case4:Pspice Simulation Result with Current and Voltage Waveforms
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CHAPTER 6

ISLANDING TESTS CONDUCTED ON 3-PHASE INVERTERS
This chapter reports the results of islanding tests on some local grid-tied PV systems
to check whether the inverters respond according to the islanding requirements. Tests
were conducted on two PV systems (Daystar 1 at DRI and the Amonix System
at UNLV) to validate their performance under various levels of load matching to
PV generation. A transient recorder was used to capture the voltage and current
waveforms immediately after utility disconnects.
In the original plan, tests were to be conducted on both three-phase grid-tie invert
ers located on the UNLV campus, and on some single-phase inverters to be selected
from a number of residential customers with photovoltaic systems by the local utility
company. But due to liability issues, it was decided to conduct the tests only the
systems located on the campus. These include
• P V S y stem I: The Daystar 1 Solar Facility located at the Desert Research
Institute (Swansen Avenue), has a rated output of 16 kW.
• P V S y stem II: The Amonix Concentrating PV System located at the UNLV
Solar Testing Facility (East Flamingo Road), has a rating of 25 kW.

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

• P V S ystem III: NPC PV 1 System located within the dormitories of the
UNLV campus), has a rating of 18 kW.
Unfortunately PV System III was not operational during the testing period due
to inverter failure. Hence, islanding tests were conducted on PV Systems I and II
only. The sections th at follow describe the test procedure and test results.

6.1

Test Procedure

The pieces of equipment needed to conduct an islanding test include a load an
appropriately sized load bank with sufficiently small increments, a transient recorder
(with voltage and current probes) th at can capture voltage and current waveforms
under controlled triggering or under utility voltage or frequency disturbances, and a
pair of AC ammeters or watt-meters to match the generation and load to a desired
level. The islanding test procedure consists of the following simple steps:
• Connect the transient recorder, load bank, and meters for reading current or
power flow into the load and utility grid as shown in Figure 6.1
• Adjust the load bank to the desired fraction of load relating to generated power
• Open the utility disconnect while recording the voltage and current waveshapes
• Repeat Step C above for different generation-load power mismatch levels
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Figure 6.1: Schematic Diagram of the Test Circuit
6.2

Test Results

This section presents the islanding test results on PV Systems I and II described
above which took place on March 4, 2005. Attempts have been made to disconnect
the utility system when nearly 50%, 75% and 100% of the power produced by the PV
system flows into the load bank.
A. P V S ystem I:
The table in figure 6.2 shows three utility switching events, time of event, as well
as the current flow into the load bank and utility system and percent load match
to PV generation prior to switching. Figure 6.3 shows the rms value of one of the
utility phase voltages during the 45-minute testing time. Note th at there is a slight
difference between the instrument internal clock and personal watch used to record
time of disconnect.
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Figure 6.2: Events at the DRI

Figures 6.4 6.5 show the voltage and current waveforms of two phases corresponding
to Events A .l, respectively. The following remarks can be made:
• It took this particular inverter 4.0 cycles, 3.8 cycles and 2.9 cycles, for Events
1.1, 1.2 and 1.3, respectively, to shut off after a utility outage. These response
times obviously meet the recommended standards [5], [6].
• The closer the load is matched to PV generation, the faster the inverter response
time.
• Overvoltages occurred during the last cycle prior to shut down in the first two
events. This is likely due to active voltage shift of the inverter anti-islanding
scheme in the positive direction.
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Figure 6.3: Time Plot of Rms Value of Utility Phase Voltage (PV System 1).
A . P V S ystem II:
At the Amonix system, measurements and utility disconnect were conducted be
tween the inverter and the 208/480 V transformer for convenience. Conducting such
testing at the utility interconnection point will shut down the tracking control sys
tem, thus resulting in significant delays. Similar to the testing of PV System 1 above,
the table below shows three utility switching events, and their corresponding time
instants, current flows, and level of load match to PV generation. Figure 6.7 shows
the rms value of the phase voltages during the 20-minute testing time.
Figures 6.8 6.9, show the voltage and current waveforms of two phases corre
sponding to Events B .l, respectively. The plots show th at it took 2.8 cycles, 4.25
cycles and 2.5 cycles for the inverter to disconnect during Events B.l, B.2 and B.3,
respectively.These time durations meet the recommended standards.
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6.3

Conclusion

The islanding of distributed generators has been considered in the past as a major
concern over the safety of utility personnel. Nowadays, grid-tie inverters are designed
such th at they disconnect from the grid immediately after a utility disturbance in
either frequency of voltage takes place. Islanding tests were conducted on two PV
systems (Daystar 1 at DRI and the Amonix System at UNLV) to validate their perfor
mance in terms of islanding under various levels of load matching to PV generation.
It was determined th at both systems shut down in less than 5 cycles (or 0.83 seconds)
after a utility outage. These experimental results exceed the recommended standards
for islanding. Pictures taken at the test sites are also presented in figures 6.10, 6.11
and 6.12.
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Figure 6.12: Power Monitor W ith Voltage and Current Probes Attached
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CHAPTER 7

CONCLUSIONS
This report addressed the islanding issue related to the Grid-tie PV inverters.Several
Islanding detection and protection schemes were discussed in detail and the pros and
cons of the techniques were presented.
The inverter operation and the different inverter topologies that are cnrrently in
real-time use were also explained.The issue of multiple inverter islanding was ad
dressed and the different possible cases in which this issue could be interpreted were
illustrated in the form of Pspice simulations.The results concluded that,
Whenever there are multiple inverters in a network and they are of different ratings,
then the inverter takes more time to shut down whereas.
When there are multiple inverters in a network and they are of the same ratings, then
the problem of indefinite power output from the inverter is evident.
This problem was illustrated using the Pspice simulations and a possible solution to
it such as, inserting a capacitor to the output terminals of one of the inverters had
forced the output voltage to drift and disconnect the DC from the network.
Thus a scheme of load insertion in addition to the already existing scheme in the
inverter would force the inverter to shut down.
57
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Also from the tests on the 2 Grid-Tie inverters, we could conclude that at the
point when the load was matched to the generation, the inverters did not island or
the inverters ceased to energise less than 10 cycles.
Therefore, the future work on this could be to develop a cost effective scheme in
order to avoid the multiple inverter islanding issue.
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